Type VI secretion systems (T6SSs) are multiprotein complexes best studied in Gram-negative pathogens where they have been shown to inhibit or kill prokaryotic or eukaryotic cells and are often important for virulence. We recently showed that T6SS loci are also widespread in symbiotic human gut bacteria of the order Bacteroidales, and that these T6SS loci segregate into three distinct genetic architectures (GA). GA1 and GA2 loci are present on conserved integrative conjugative elements (ICE) and are transferred and shared among diverse human gut Bacteroidales species. GA3 loci are not contained on conserved ICE and are confined to Bacteroides fragilis. Unlike GA1 and GA2 T6SS loci, most GA3 loci do not encode identifiable effector and immunity proteins. Here, we studied GA3 T6SSs and show that they antagonize most human gut Bacteroidales strains analyzed, except for B. fragilis strains with the same T6SS locus. A combination of mutation analyses, trans-protection analyses, and in vitro competition assays, allowed us to identify novel effector and immunity proteins of GA3 loci. These proteins are not orthologous to known proteins, do not contain identified motifs, and most have numerous predicted transmembrane domains. Because the genes encoding effector and immunity proteins are contained in two variable regions of GA3 loci, GA3 T6SSs of the species B. fragilis are likely the source of numerous novel effector and immunity proteins. Importantly, we show that the GA3 T6SS of strain 638R is functional in the mammalian gut and provides a competitive advantage to this organism.
Type VI secretion systems (T6SSs) are multiprotein complexes best studied in Gram-negative pathogens where they have been shown to inhibit or kill prokaryotic or eukaryotic cells and are often important for virulence. We recently showed that T6SS loci are also widespread in symbiotic human gut bacteria of the order Bacteroidales, and that these T6SS loci segregate into three distinct genetic architectures (GA). GA1 and GA2 loci are present on conserved integrative conjugative elements (ICE) and are transferred and shared among diverse human gut Bacteroidales species. GA3 loci are not contained on conserved ICE and are confined to Bacteroides fragilis. Unlike GA1 and GA2 T6SS loci, most GA3 loci do not encode identifiable effector and immunity proteins. Here, we studied GA3 T6SSs and show that they antagonize most human gut Bacteroidales strains analyzed, except for B. fragilis strains with the same T6SS locus. A combination of mutation analyses, trans-protection analyses, and in vitro competition assays, allowed us to identify novel effector and immunity proteins of GA3 loci. These proteins are not orthologous to known proteins, do not contain identified motifs, and most have numerous predicted transmembrane domains. Because the genes encoding effector and immunity proteins are contained in two variable regions of GA3 loci, GA3 T6SSs of the species B. fragilis are likely the source of numerous novel effector and immunity proteins. Importantly, we show that the GA3 T6SS of strain 638R is functional in the mammalian gut and provides a competitive advantage to this organism.
Bacteroides | T6SS | gut microbiota | bacterial competition | type VI secretion B acteria that live in communities have numerous mechanisms to compete with other strains and species. The ability to acquire nutrients is a major factor dictating the success of a species in a community. In addition, the production of secreted factors, such as bacteriocins, that competitively interfere or antagonize other strains/species, also contributes to a member's fitness in a community. In the microbe-dense human gut ecosystem, such factors and mechanisms of antagonism by predominant members are just beginning to be described, as are models predicting the relevance of these competitive interactions to the microbial community (1) . Bacteroidales is the most abundant order of bacteria in the human colonic microbiota, and also the most temporally stable (2) . The fact that numerous gut Bacteroidales species stably cocolonize the human gut at high density raises the question of how these related species and strains interact with each other to promote or limit each other's growth. We previously showed that coresident Bacteroidales strains intimately interact with each other and exchange large amounts of DNA (3) and also cooperate in the utilization of dietary polysaccharides (4) . To date, two types of antagonistic factors/systems have been shown to be produced by human gut Bacteroidales species: secreted antimicrobial proteins (5) and T6SSs (3, 6, 7) . However, neither of these antagonistic processes has been analyzed to determine if they provide a competitive advantage in the mammalian intestine.
Type VI secretion systems (T6SSs) are contact-dependent antagonistic systems used by some Gram-negative bacteria to intoxicate other bacteria or eukaryotic cells. The T6 apparatus is a multiprotein, cell envelope spanning complex comprised of core Tss proteins. A key component of the machinery is a needle-like structure, similar to the T4 contractile bacteriophage tail, which is assembled in the cytoplasm where it is loaded with toxic effectors (8) (9) (10) . Contraction of the sheath surrounding the needle apparatus drives expulsion of the needle from the cell, delivering the needle and associated effectors either into the supernatant of in vitro grown bacteria, or across the membrane of prey cells. Identified T6SS effectors include cell wall degrading enzymes (11) , proteins that affect cell membranes such as phospholipases (12) and pore-forming toxins (13, 14) , proteins that degrade NAD(P)+ (15) , and nucleases (16) . The effector protein is produced with a cognate immunity protein, typically encoded by the adjacent downstream gene (17) , which protects the producing cell from the toxicity of the effector. Although both eukaryotic and bacterial cells are targeted by T6SS effectors (18), most described T6SSs target Gram-negative bacteria.
We previously performed a comprehensive analysis of all sequenced human gut Bacteroidales stains and found that more than half contain T6SS loci (7) . These T6SSs are similar to the welldescribed T6SSs of Proteobacteria in that remote orthologs of many Proteobacterial Tss proteins are encoded by Bacteroidales T6SS regions, with the exception of proteins that likely comprise the transmembrane complex, which are distinct. The T6SS loci of human gut Bacteroidales species segregate into three distinct genetic architectures (GA), designated GA1, GA2, and GA3, each with highly identical segments within a GA comprising the core tss genes (7). GA1 and GA2 T6SS loci are present on large ∼80-to 120-kb integrative conjugative elements (ICE) that are extremely similar at the DNA level within a GA. Due to the ability of these T6SS regions to be transferred between strains via ICE, GA1 and GA2 T6SS Significance Mechanisms of competition are not well-studied in the mammalian gut microbiota, especially among abundant species of this ecosystem. Theoretical models predict that antagonistic mechanisms should profoundly affect member fitness, yet identification and experimental analyses of such factors are few. Here we show that the abundant gut species Bacteroides fragilis produce T6SSs that deploy previously undescribed toxins able to antagonize numerous species of human gut Bacteroidales. We show that these systems are synthesized in the mammalian gut and allow a producing strain to outcompete a sensitive isogenic strain. Our data support that GA3 T6SSs likely allow the producing B. fragilis strain to create a protected niche in the human colon. loci are present in diverse human gut Bacteroidales species. GA3 T6SS loci are confined to Bacteroides fragilis and are not contained on conserved ICE (7) .
Although T6SS loci of a particular GA are highly identical to each other, each GA has internal regions of variability where the genes differ between strains (7). The variable regions of GA1 and GA2 T6SS loci contain genes encoding the identifiable toxic effector and cognate immunity proteins found in these regions. Unlike the GA1 and GA2 T6SS loci, there are no identifiable genes encoding toxin or immunity proteins in the two variable regions or other areas of GA3 T6SS loci. The present study was designed to answer three fundamental questions regarding GA3 T6SS loci: (i) Because no known effectors/immunity proteins are encoded by these regions, are they involved in bacterial antagonism? And if so, what prey cells do they target? (ii) Do the variable regions contain genes encoding effector and immunity proteins? and (iii) If GA3 T6SSs mediate bacterial antagonism, do they provide a competitive advantage in the mammalian gut?
Results
Deletion of T6SS Genes and Analysis of Antagonism. The two most studied B. fragilis strains, NCTC 9343 and 638R, each have a single T6SS locus, both of which are GA3, and are distinct from each other in both variable regions (Fig. 1A) . Therefore, we studied the ability of the T6SSs of these two strains to antagonize other Bacteroidales strains/species. To abrogate firing of the T6SS apparatus, we made nonpolar unmarked deletion mutants removing three adjacent genes from these two strains (tssB-clpV; shown in Fig.  1A as ΔT6SS). A hallmark of functional T6 firing is the release of the major needle protein, Hcp, into the supernatant. Each GA3 T6SS locus typically encodes five distinct Hcp proteins with very little similarity to each other (<47% similarity) (7). We previously found that the Hcp encoded by the first gene of GA3 loci, labeled hcp1, is the closest ortholog to Hcp proteins encoded by GA1 and GA2 T6 regions of gut Bacteroidales, leading us to predict that this is the major structural Hcp protein. To confirm this prediction, we performed RNAseq analysis of B. fragilis 9343 grown to midlog. As predicted, the first hcp gene of this region, BF9343_1943, is expressed more than 40-fold the level of the next most expressed hcp (Table S1) , and thus, Hcp1 is likely the major structural protein of the T6SS apparatus. This gene is conserved in all identified GA3 T6SS regions (7) .
In the T6SS deletion mutants of both strains, Hcp1 is synthesized but not secreted into the supernatant (Fig. 1B) , confirming the T6S defect. Next, the ability of these T6SSs to target other Bacteroidales strains was tested by coculture with wild-type 638R or 9343 and their isogenic ΔT6SS mutants. The strains selected were each resistant to either tetracycline or erythromycin to allow for selection of the prey strain. With only a few exceptions, coculture of Bacteroidales strains with wild-type 9343 brought about a 2-log reduction in cfu compared with when cocultured with its ΔT6SS mutant, and for strain 638R, a 3-log reduction resulted compared with its ΔT6SS mutant (Fig. 1C) . This difference was not due to preferential transfer of the antibiotic resistance genes from the prey to the ΔT6SS strain (Fig. S1 ). These GA3 T6SSs targeted numerous Bacteroides species as well as Parabacteriodes, but not the one Prevotella copri strain tested. Of the Bacteroidales strains tested, B. fragilis strain B35 is not antagonized by the T6SS of strain 9343, and B. fragilis strain 2_1_16 is not antagonized by the T6SS of strain 638R. Analysis of the genome sequence of B. fragilis 2_1_16 revealed that it has the same T6SS locus as that of 638R (7), suggesting that this strain is protected because it encodes the cognate immunity protein(s). The genome of B. fragilis B35 has not been sequenced; however, we predicted that it has a GA3 T6SS locus similar to that of 9343 and therefore has the necessary immunity protein(s) to prevent antagonism by this strain. Using primers from conserved genes flanking the variable regions, we amplified and sequenced both variable regions of strain B35 and found that they are 100% identical to those of 9343. These data strongly suggest that immunity proteins, and likely the toxic effectors, are contained in one or both of the GA3 variable regions. In addition, these collective data demonstrate that B. fragilis GA3 T6SSs are able to target diverse human gut Bacteroidales strains, including B. fragilis.
To determine if these T6SSs are able to target Escherichia coli, we tested three different strains as prey; the laboratory strain DH5α, the symbiotic gut strain HS, and the enteropathogenic strain E2348/69. Our results show that the T6SSs of B. fragilis 9343 and 638R do not antagonize these E. coli strains ( Fig. 1D ; results shown for strain 638R).
Proteins Encoded in the 638R GA3 Variable Regions Are Necessary for Antagonism and Protection. None of the four proteins encoded by the 638R variable regions or the five proteins encoded by 9343 variable regions (Fig. 1A) are similar to known proteins or contain any described motifs. Protter analysis (19) predicted that all genes of variable region 2 (V2) (Fig. 1A) of both strains encode transmembrane proteins, with either three or four predicted membrane spanning domains per protein (Fig. S2 ). In addition, proteins from V2 regions are orthologous between strains with the first gene of each region sharing 54% similarity and the second gene of the 638R region 48% and 51% similar to the two small proteins encoded in the 9343 V2 region. Proteins encoded by the variable region 1 (V1) are not orthologous between strains, and only the small protein encoded by the 638R V1 regions was predicted to have transmembrane spanning domains by Protter (Fig. S2) .
To determine if these variable region genes encode effector and immunity proteins, we made mutants deleted in each of the variable regions individually (ΔV1 and ΔV2) and together (ΔV1ΔV2) in strain 638R (Fig. 1A) . Unlike the ΔT6SS mutant, we found that the T6SS machinery is operational in all three mutants, as evidenced by the secretion of Hcp1 into the supernatant ( Fig. 2A) . These data supported our prediction that genes contained in the variable regions encode T6SS proteins that are not part of the core T6SS machinery. However, T6 firing was not as robust in these mutants compared with wild type, especially in the double-deletion mutant ( Fig. 2A) .
Because we predicted that each variable region would encode an effector and immunity protein pair, we expected that mutants deleted in genes of one variable region would still antagonize sensitive strains due to the products encoded by the other variable region. Although antagonism still occurred in each deletion mutant, deletion of either variable region resulted in a significant attenuation of antagonism, typically two orders of magnitude less than wild type (Fig.  2B ). As predicted, the double-deletion mutant was completely attenuated similar to the ΔT6SS mutant with three orders of magnitude difference compared with wild type. These data demonstrate that factors necessary for antagonism are encoded in the variable regions, and that loss of the products of one variable region severely affects antagonism by the second region. Two possibilities may explain this second finding. Either the two effectors from the variable regions are both necessary for full antagonism, or the lack of one variable region leads to a T6 defect such as efficient loading of effectors onto the needle, or firing of the T6 apparatus. This second possibility is supported by the reduced amount of Hcp1 in the supernatant of variable region mutants ( Fig. 2A) . Previous analysis of 54 B. fragilis GA3 T6SS loci revealed 20 distinct regions based on the variable regions (7). We did not find a correlation of one V1 region with a particular V2 region; rather, some strains with the same V1 have different V2 regions and vice versa. Therefore, we predicted that V1 effectors do not require particular V2 products for antagonism.
To provide further evidence that genes in the variable regions encode immunity proteins necessary to protect the strain from its effectors, we performed coculture experiments using 638R, which is able to kill and protect itself; ΔT6SS, which is unable to kill but should produce immunity proteins; and ΔV1ΔV2, which we predict is unable to kill or protect itself. We first determined that all three strains grow with the same kinetics in monoculture in rich broth (Fig. 2D) . Coculture studies clearly indicated that ΔT6SS is not antagonized by wild type, whereas ΔV1 ΔV2 is antagonized by wild type, but not by ΔT6SS as expected (P = 0.018; Fig. 2E ). Therefore, immunity protein(s) are encoded in the 638R GA3 T6SS variable region(s). (17) . Therefore, we predicted that the product encoded by the first gene of each variable region is the toxic effector and that of the second gene is the cognate immunity protein. We created deletion mutants of each putative effector gene individually and a mutant with deletions in both putative effector genes. Analysis of the double-deletion mutant showed that it had the same in vitro growth kinetics as the wild-type strain (Fig. S3 ). Coculture studies with B. fragilis B35 showed that both single gene deletions reduced the ability of this strain to antagonize; however, the deletion of the effector gene in V1 reduced antagonism more dramatically than deletion of the effector gene of V2 (Fig. 3A) . Deletion of the effector genes of both regions resulted in a mutant unable to mediate T6 killing, similar to the ΔT6SS mutant (Fig. 3A) . We were able to clone the V1 region genes into E. coli, but were unable to clone the V2 region genes. The 638R V1 genes placed in trans in the 638R Δ1988 mutant (V1 effector mutant) restored this mutant's ability to antagonize (Fig. 3B) .
Identification of
To determine if the second genes of each variable region encode immunity proteins, we cloned 638R_1987 (V1) and BF639R_1978 (V2) singly or together and placed them in trans in strain B35 to see if these products could protect this strain from antagonism by 638R. Compared with vector alone, addition of each gene protected B35 from killing by the effector encoded in its cognate region, but not by the effector of the heterologous region, and the presence of both genes in B35 fully protected it from killing by wild-type 638R (3-log protection; Fig.  3C, Lower) . Therefore, BF638R_1987 and BF638R_1978 encode immunity proteins that protect the strain from antagonism by their adjacent and upstream encoded effectors.
As expected, the double-effector deletion mutant, which encodes both immunity proteins, is not antagonized by wild-type 638R, and is also not able to antagonize the ΔV1ΔV2 mutant in vitro (Fig. 3D) . Based on these collective data, we designate the V1 region effector and immunity protein as Bfe1 and Bfi1, and the effector and immunity proteins encoded by the V2 region as Bfe2 and Bfi2, respectively (B. fragilis effector or immunity).
The GA3 T6SS Is Functional in the Mammalian Gut. Despite our finding that more than half of human gut Bacteroidales species contain T6SS regions (7), there are still no data showing that these secretion systems are functional in the mammalian gut. To address this question, we first tested whether Hcp is present in the feces of gnotobiotic mice monocolonized with strain 638R. In comparison with germ-free mice, we could detect Hcp1 in the feces of mice colonized with 638R demonstrating that this important component of the T6SS machinery is synthesized in the mammalian gut (Fig. 4A ).
Next, we tested the ability of strain 638R or its ΔT6SS mutant to inhibit Bacteroides thetaiotaomicron strain CL01T03C02 when coinoculated into gnotobiotic mice. Seven days after introduction of the two strains into three mice per group, the percentage of B. thetaiotaomicron in the feces of mice when coinoculated with either 638R or ΔT6SS increased compared with its percentage in the initial inoculum, and the increases were not significantly different whether coinoculated with 638R or ΔT6SS (P = 0.18; Table S2 ). This same experiment was repeated except that a community of six Bacteroidales type strains (Fig. S4 ) was introduced into mice with either 638R or ΔT6SS. In both of these communities, the percentage of 638R or ΔT6SS in the inoculum was 14% (Table S2) . Seven days after introduction of the community, <1% of the resulting bacteria in the feces were 638R or ΔT6SS. Therefore, under these experimental conditions, we could not detect an effect of the 638R T6SS in vivo. These results are likely due to two main factors. First, these human-derived Bacteroides strains have differing abilities to colonize the mouse gut. Second, because T6SSs require cell-to-cell contact for killing, sensitive bacteria must occupy the same niche to be antagonized.
To eliminate these inherent colonization differences and to ensure that the prey and predator strains have overlapping niches, we performed competition assays using wild type, ΔT6SS, ΔV1ΔV2, and Δbfe1Δbfe2. The use of this isogenic set eliminated contributions of other factors that dictate variable colonization of different strains in the mouse intestine and allowed us to directly assess the contribution of the T6SS. After 7 d of cocolonization, we found that ΔV1ΔV2 decreased in abundance when cocolonized with ΔT6SS or Δbfe1Δbfe2, but the decrease was significantly less than the decrease of ΔV1ΔV2 when cocolonized with 638R (P = 5.8 × 10 −4 or 1.7 × 10 −5
, respectively; Fig. 4B) . Therefore, the T6SS of this human gut Bacteroidales strain confers a competitive advantage in the mammalian gut.
Discussion
This study analyzed a specific subset of T6SSs of human gut Bacteroidales, termed genetic architecture 3 (GA3) T6SSs, which are specific to B. fragilis. These T6SS loci differ from GA1 and GA2 T6SS loci in that they are not contained on conserved ICE and therefore are not readily transferred between Bacteroidales species. In addition, GA3 T6SSs do not have effector and immunity proteins similar to those previously described. We showed that the effector and immunity proteins of GA3 T6SS regions are encoded by two variable regions within these loci. Our prior analysis of GA3 T6SS loci revealed that of the 54 GA3 regions analyzed, 20 distinct GA3 T6SS regions were detected, with differences almost exclusively confined to the two variable regions. Therefore, the GA3 T6SSs are likely a source of numerous novel effector and immunity proteins.
In vitro, these T6SSs are able to target most human gut Bacteroidales strains tested that do not contain the cognate immunity proteins. However, E. coli strains are not antagonized by these T6SSs, indicating either that the effectors are not active/ toxic in E. coli, or the T6 machinery does not target E. coli. In future studies, it will be important to elucidate the mechanism of action of the Bfe1 and Bfe2 effectors and how they target sensitive strains, and why E. coli and P. copri DSM 18205 are not affected. Analyses are yet to be performed to determine if the GA1 and GA2 T6SSs of human gut Bacteroidales strains also target Bacteroidales species. Because GA1 and GA2 T6SS loci are contained on ICE and shared between coresident Bacteroidales strains in the human gut (3), it is possible that these antagonistic systems have different targets. Communal sharing of these antagonistic systems suggests they may function as a defense strategy against a common competitor or predator.
In this study, we show that GA3 T6SSs are synthesized and functional in the mammalian gut. Our data suggest that these contact-dependent killing systems likely function to create a locally protected niche in the human gut, and sensitive strains are likely not targeted unless they share an overlapping niche. In support of this prediction, we recently showed that Bacteroidales strains with distinct T6SSs, including GA3 T6SSs, are coresident in the human gut with numerous other Bacteroidales species at high density (7) , indicating that these systems may function more for localized competition rather than strain elimination. 
Materials and Methods
All primers used in this study are listed in Table S3 .
Construction of ΔT6SS, ΔV1, ΔV2, ΔV1ΔV2, Δ1988, Δ1979, and Δ1988 Δ1979. Gene nomenclature is based on GenBank designations. A deletion removing tssB, tssC, and tssH was created in both B. fragilis strains 638R and 9343 (ΔT6SS). These genes were chosen because they are necessary for the T6 machinery to fire but do not affect synthesis of Hcp (Fig 2A) . DNA segments upstream and downstream of the regions to be deleted were PCR amplified and digested with BamHI and MluI and cloned by three-way ligation into the BamHI site of the suicide vector pNJR6 (20) . The resulting plasmids were conjugally transferred into B. fragilis 638R or 9343 using helper plasmid R751, and cointegrates were selected by erythromycin resistance. Cointegrates were passaged in nonselective medium to allow for second homologous recombination cross-out. Erythromycin-sensitive cross-outs were screened by PCR for the mutant genotype. B. fragilis 638R variable region mutants were created by deleting BF638R1988-87 (ΔV1), BF638R_1979-78 (ΔV2), and both of the gene pairs (ΔV1ΔV2). DNA segments were PCR amplified and digested with BamHI and MluI for the deletion of ΔV1 or SacI and KpnI for the deletion of ΔV2 and cloned by three way ligation into the BamHI or SacI site of pNJR6, respectively. B. fragilis 638R effector gene deletion mutants were created by deleting BF638R_1988, BF638R_1979 and both of the genes together (Δ1988Δ1979). DNA segments were PCR amplified and digested with BamHI and MluI and cloned by three-way ligation into the BamHI site of pNJR6. The cointegrate and cross-out steps for all deletion mutants were performed as described above.
Cloning 638R Variable Region Genes. BF638R_1988-87, BF638R_1987, BF638R_1978 were PCR amplified and the products were cloned into the BamHI site of pFD340 (21) . For coexpression of BF638R_1987 and BF638R_1978, a three-way ligation was performed ligating genes together using an EcoRI site engineered into the primers, and the products were cloned into the BamHI site of pFD340.
RNA Sequence Analysis. RNA was extracted from midlog-phase bacteria grown in basal medium (22) using the Zymo Research RNA MiniPrep kit. Samples were treated with RQ1 DNase, then cleaned and concentrated using Zymo RNA Clean and Concentrator kit. For ribosomal depletion, Ribo-Zero magnetic kit (Epicentre) was used, adding 1 μg RiboGuard RNase inhibitor. RNA was cleaned using the Zymo RNA Clean and Concentrator kit. The concentration, purity, and integrity of RNA were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). RNA input to library construction was of high quality with RNA integrity number values >7. cDNA libraries were prepared and sequenced for RNA sequence (RNA-Seq) using Illumina HiSeq2500 machine to generate 50-bp paired-end reads. The results from two independent experiments performed on different days were combined. RNA-Seq data were analyzed using RockHopper open source software (23) . A total of 108,176,502 from 130,538,906 reads (82.87%) were mapped to the NCTC 9343 genome.
Western Immunoblot Analyses and Preparation of Anti-BF638R_1994 (Hcp1)
Antiserum. An N-terminal His-tagged fusion of BF638R_1994 was constructed by cloning into the NdeI-BamHI sites of pET16b (Novagen), and the plasmid was transformed into E. coli BL21/DE3. Following induction, His-BF638R_1994 was purified using the ProBond Purification System (Life Technologies) and the eluted protein was dialyzed against PBS. Antiserum to purified His-BF638R_1994 was prepared in rabbits by Lampire Biologicals using the EXPRESS-LINE polyclonal antiserum protocol. For Western immunoblot analyses, bacteria or supernatants were boiled in LDS sample buffer and subjected to electrophoresis using NuPAGE 4-12% polyacrylamide gradient gels (Life Technologies). The contents of the gels were transferred to PVDF membranes, blocked, and probed with α-BF638R_1994 (α-Hcp1) followed by alkaline phosphatase-labeled α-rabbit IgG, and developed with BCIP/NBT (KPL).
Bacterial Growth Studies. Overnight cultures of B. fragilis 638R, ΔT6SS, ΔV1ΔV2, or Δ1988Δ1979 were diluted 1:1,000 in supplemented basal medium and growth was monitored as increase in OD 600 . Biological triplicates were performed for each strain.
Antagonism (Coculture) Studies. Log-phase cultures of B. fragilis 9343 or its isogenic ΔT6SS mutant and 638R wild type and its isogenic mutants, ΔT6SS, ΔV1ΔV2, Δ1988Δ1979 were mixed in a ratio of 10:1 with log-phase cultures of Bacteroidales strains. A total of 5 μL of the above mixtures were spotted on BHIS plates, or Brucella blood plates for P. copri, and incubated anaerobically at 37°C overnight. The spots were excised, suspended in PBS and serial 10-fold dilutions were plated to erythromycin (5 μg/mL) or tetracycline (6 μg/mL) plates to quantify sensitivity of the strains to the T6SSs. For P. copri, before plating the 10-fold dilutions, 200 μL of 48 μg/mL tetracycline was spread on the Brucella blood plates, which we determined inhibited the growth of strains 638R and 9343, but not of P. copri (Fig. S5 ). E. coli strains DH5α, HS, and E2348/69 were cocultured similarly as prey Bacteroides strains; however, overnight coincubations were conducted under both anaerobic and aerobic conditions. After overnight coincubations, serial dilutions were plated onto BHIS plates and incubated aerobically to select for E. coli.
In Vitro Antagonism by B. fragilis 638R and Its Isogenic Mutants. Log-phase cultures of B. fragilis 638R and its isogenic mutants were mixed at ratios of 1:1 (actual percentage shown in Figs. 2E and 3D) . A total of 5 μL of the above mixtures were spotted on supplemented brain heart infusion (BHIS) plates and incubated anaerobically at 37°C overnight. The spots were then excised, suspended in PBS, and plated on BHIS for single colonies. Multiplex PCRs were performed from a minimum of 90 individual colonies to differentiate strains. The results of two independent experiments are shown in Figs. 2E and 3D.
In Vivo Antagonism Assays. Mouse studies were approved by the Harvard Medical Area Standing Committee on Animals. Swiss-Webster germ-free mice (4-8 wk old) were obtained from the Harvard Digestive Diseases Center gnotobiotic facility and housed in sterile OptiMice cages (Animal Care Systems); four were used for each experimental condition. Mice were colonized by gavage with B. fragilis 638R or ΔT6SS mixed 1:1 with B. thetaiotaomicron CL01T03C02 or with a Bacteroidales community ( Fig. S4 ; Table S2 ). Fresh fecal samples from each mouse in each experimental condition were collected 7 d after cocolonization, diluted in PBS, and plated for single colonies. B. fragilis 638R or ΔT6SS were quantified by PCR from between 90 and 200 colonies per mouse. In separate experiments, mice were colonized by gavage with combinations of B. fragilis 638R, ΔT6SS, ΔV1ΔV2, and/or Δ1988 Δ1979 (Δbfe1Δbfe2). Fresh fecal samples were collected 7 d after cocolonization, diluted in PBS, and plated for single colonies. Wild-type and mutant colonies were differentiated by PCR using primers shown in Table S3 . At least 90 colonies per mouse were analyzed.
Statistical Analyses. Comparisons were made between experiments using a metric that takes into account the change between initial and postratios between strains: Here, θ denotes a proportion, P denotes the post, and I denotes the initial measurement; a and b denote the two strains in the experiment. This metric is analogous to the difference between log ratios of the post and initial measurements, except the arcsine transform was used instead of the log transform to allow for proportions of zero. Hypothesis testing was performed using a two-sample, two-tailed t test.
